The current focus in defense arena is towards the stealth technology with an emphasis to control the radar cross-section (RCS). The scattering from the antennas mounted over the platform is of prime importance especially for a low-observable aerospace vehicle. This paper presents the analysis of the scattering cross section of a uniformly spaced linear dipole array. Two types of feed networks, that is, series and parallel feed networks, are considered. The total RCS of phased array with either kind of feed network is obtained by following the signal as it enters through the aperture and travels through the feed network. The RCS estimation of array is done including the mutual coupling effect between the dipole elements in three configurations, that is, side-by-side, collinear, and parallel-in-echelon. The results presented can be useful while designing a phased array with optimum performance towards low observability.
Introduction
The radar cross-section (RCS) is essentially a measure of electric field scattered from an object towards the radar [1] . A phased array antenna system mounted on the target scatters the incident signals, contributing significantly towards the total RCS of the target. The antenna scattering is function of parameters like antenna type [2] , array configuration, and the nature of feed network. In addition, the presence of mutual coupling in between the antenna elements plays an important role in overall RCS. The emerging stealth technologies aim at reducing the scattering from an object to the least possible extent in order to shield it from the enemy radars. However, low observable platform has consequence of sacrificing array performance in terms of gain and radiation characteristics [3] .
In the open domain, several techniques have been proposed for the estimation of the antenna RCS. These include numerical techniques [4] as well as high-frequency techniques [5] , along with the optimization [6] . Most of the approaches neglect the presence of mutual coupling, edge effects, and the higher order reflections.
Most of the proposed methods focus on the compensation of mutual coupling in receiving arrays [7, 8] and the array feed network [9] [10] [11] [12] . The behavior of antenna arrays in receiving and transmitting modes needs not be same. The factors like different signal paths within the transmitting and receiving array system and different antenna excitations in the two systems make the mutual coupling effect different in the two modes [13] . The techniques of estimating the mutual impedance for transmitting arrays like conventional impedance matrix method [14] differ from those for receiving array. The techniques to calculate the receiving mode impedance include full-wave methods [15, 16] , the calibration methods [17, 18] , and the receivingmutual impedance method (RMIM) [19] [20] [21] . The efficiency and accuracy of receiving mutual impedances is further improved by preserving the original boundary conditions of the compact array during the analysis [22] . Niow et al. [23] suggested the method for the compensation of mutual coupling in transmitting arrays. The compensation network, designed in terms of mutual impedances, is employed to predict the radiation pattern using the principle of pattern multiplication. This approach facilitates the port decoupling and design of matching circuits towards the maximum power transfer. Wang and Hui [24] proposed a system identification method for the wideband mutual coupling compensation of receiving arrays. A multiport compensation network is obtained based on the receiving mutual impedances of an antenna array over the frequency band. The effect of feed network on the RCS of the phased array has been analyzed [9, 10] using analytical technique of tracing the signal path through the antenna system. However, the proposed method considered an array of identical isotropic elements. The mutual coupling, edge effects, and the higher order reflections were not taken into account. In this paper, an attempt is made to analyze the antenna mode scattering of a linear series-fed [25] and parallel-fed dipole array (Figure 1 ), considering the mutual coupling effect. The variation in the array configuration (side-by-side, collinear, and parallel-inechelon) and the type of amplitude distribution (uniform unit amplitude, Taylor, cosine-squared on a pedestal, and DolphChebyshev) are studied. The RCS formulation involves the tracing of the signal path from the antenna aperture into the antenna system for estimation of the scattered field at each component level. The individual contributions towards the scattered field are expressed in terms of the reflection and transmission coefficients of components in the antenna system. These scattered fields at each level of antenna system are then coherently summed up to arrive at the total antenna array RCS. Section 2 presents a brief analysis on the RCS formulation of linear dipole arrays with different feed network in the presence of mutual coupling. The simulation results comparing the RCS of dipole array with and without mutual coupling are discussed in Section 3. The role of the optimum load in the feed network in RCS estimation is analyzed.
RCS Formulation for a Linear Dipole Array
The RCS of an object for a plane wave incidence can be expressed as the ratio of the scattered field to the incident field. The antenna mode scattered field is expressed as [26] 
where ⃗ is the scattered field at the th element, ⃗ is the incident field, ( , ) is the direction of signal, is the radiation impedance, is the wavelength, is the impedance of medium surrounding the antenna, ⃗ is the wave vector, is the distance between the target and the observation point, Γ is the total reflected signal returning to aperture element , and ⃗ ℎ is the effective height of the antenna element. For a International Journal of Antennas and Propagation unit amplitude plane wave impinging on the array of lossless -polarized dipoles placed in free space, (1) becomes
where 0 is the free space impedance and ⃗ is the distance vector. Assuming a uniform dipole array with interelement spacing along -axis, the total scattered field is given by
where = sin cos represents the interelement space delay of the wave incident along -direction; is the wave number.
The total RCS of the array expressed in terms of (3) is
where ⃗ ( , ) = Γ ( , ) ( −1) represents the total scattered field returning to the aperture. This can be expressed as the summation of individual scattering sources of the feed network by navigating through the signal as it moves towards the receive port.
In general, a typical feed network will comprise of antenna elements, phase-shifters, couplers, and the terminating loads [27] . Although an efficient receiver is intended to receive the entire power incident on it, certain amount of signal will be lost due to scattering within the antenna system at components level before reaching the receive port. This scattered field is determined by the magnitude of reflection and transmission coefficients at different levels of feed network, which are due to the impedance mismatches prevailing at their junctions. However, it is to be noted that the expressions presented in this paper assume reciprocal feed network components and neglect the effect of higher order scattering.
The first level of mismatch experienced by the incoming signal will be at the junction of dipole terminals and the phase-shifters. At this level, the reflection coefficient of dipole element is given by [25] 
where is the reflection coefficient of the th dipole, is the terminal impedance of the th dipole, and 0 is the characteristic impedance of the delay line modeled phaseshifter.
The terminal impedance of the dipoles is function of both amplitude distribution and the array configuration [26] . Figures 2 , 3, and 4 indicate the variation of the impedance at the terminals of dipoles for different combinations of feed current and the array geometry. The choice of array configuration controls the antenna impedance that will further have an impact on the scattered field and RCS due to radiators; that is, Following a similar analysis, one gets the scattered field and the RCS due to the mismatch at the phase-shifters
where is the reflection coefficient at the phase-shifters, is the transmission coefficient of the radiating elements, and is the translated dipole terminal impedance as viewed at the end of phase-shifters. Further, the signal might suffer from reflection due to the differing impedances of phaseshifter terminals and the coupler ports. The scattering at this level is determined by the nature of couplers and is thus specific to the type of feed network exciting the dipoles.
Dipole Array with Series Feed Network.
In this paper, the dipole elements in the series-fed linear phased array are excited using lossless four-port couplers ( Figure 5 ). Port 1 and Port 2 of each coupler are taken as a part of the main feed line, while Port 3 and Port 4 are connected to the dipoles via phase-shifters and the terminating load, respectively. Further, Port 1 of the first element of the array acts as the receiving port while Port 2 of the last element is terminated with a matched load. As a result, Port 1 and Port 2 serve as input and output, while Port 3 and Port 4 possess coupling and isolating characteristics. Moreover, Ports (1, 4) and (2, 3) constitute isolated port pairs.
The coupling and the transmission coefficients of the coupler ports, and , in the presence of mutual coupling are given by [25] 
where is the current at the feed terminals of the th antenna element. Equations (8a) and (8b) indicate that the values of coupling and transmission coefficients depend on the terminal impedance of dipoles and the type of the amplitude distribution.
In other words, the coupling coefficients of the couplers in the feed network are function of both amplitude distribution and array configuration (Figures 6, 7, and 8) .
In general, the scattered field and the RCS of th dipole element due to the mismatch at the coupling port of couplers are expressed as
where = |( − )/( + )| is the reflection coefficient at the couplers, is the impedance at the coupling port of the couplers, = sin cos is the interelement phase to scan the antenna beam along -axis at ( , ), and is the transmission coefficient of the phase-shifters.
Beyond coupling port of the coupler in series feed network, there can be several possible paths for the signal to travel further into the antenna system. It can either (i) move towards the previous element and/or next element and/or its own (self) terminating load and/or (ii) retrace its own path. The scattered fields corresponding to each of the signal paths are given by [23] 
where is the reflection coefficient at th element terminated by a load impedance of and is the reflection coefficient at the receive port connected to a coaxial cable of impedance 0 . Equation (10) signifies the importance of choosing appropriate value for the impedance terminating the coupler ports in the network. From this, the RCS due to the signal scattering beyond the coupling port of couplers becomes
Thus, the total normalized RCS of the dipole array in the presence of mutual coupling, due to mismatches within the series-feed network, is given by
Parallel Feed Network.
In a phased array with parallel feed network (Figure 9 ), the two input arms (Port 2 and Port 3) of a first level coupler are connected to two different elements and thus receive two different signals unlike the series feed network (Figure 9(a) ). Amongst the other two ports, one acts as the sum port (Port 1) and the other as difference port (Port 4). Having intention of receiving maximum signal power, the difference ports are load terminated while the sum ports are connected to the input arms of the couplers in the further levels of the feed network. In parallel-fed dipole array, the reflection coefficients at the input arms of the first-level couplers differ for the even and odd elements of the array. Mathematically,
for odd-numbered elements,
where = 1, 2, . . . , ( + 1)/2 is an integer and = 1, 2, . . . , .
The index increments at each odd element of the dipole array; that is, signal, which manages to pass through the input arms of the couplers, would either move towards the sum or the difference port. At these points, significant reflection can occur due to the mismatch of impedances, indicated by the factors and for sum and difference ports, respectively ( Figure 10 ). Here subsuffices and indicate the coupler-level and the coupler number. The magnitude of these reflection coefficients depends on both the position of dipole element in the array and the corresponding impedances.
First Level Couplers.
Assuming all higher levels of couplers in the feed network, except for the first, to be perfectly matched, the scattered field can be calculated only for the first level of couplers. Hence, the characteristic impedance ( 0 ) at the receive port will appear at the sum ports of all first level couplers. The scattered field due to first level couplers at oddnumbered elements, owing to the signal reflections at sum and difference ports, obtained by following the path of the signal (Figure 11 ), is
Here the expressions for the sum and difference port reflection coefficients are given by
where indicate the impedance at Port and Port of th coupler in th level of feed network. The factor ( /2) in the previous equations is integer.
Similar analogy for even-numbered elements ( Figure 12 ) yields 
for even-numbered elements.
Thus, the RCS corresponding to the odd and even dipole elements in the array, due to reflections at sum and difference ports of couplers, is given by Thus, the normalized overall RCS of a parallel-fed linear dipole array, considering the scattering up to first level couplers, is expressed as
Results and Discussion
In this paper, scattering from a linear dipole array fed by series and parallel feed network is calculated. The software code is developed in Fortran 90, based on the formulation discussed in Section 2. The RCS patterns are shown in plotting subroutine Sigmaplot v.10. The results are presented for both with and without mutual coupling effect. The current over the surface of each individual wire-type half wavelength dipole array is assumed to be a cosine function. Figure 13 shows the broadside (at 0 ∘ ) RCS of a seriesfed parallel-in-echelon 40-element dipole array, terminated by the load of 130 Ω. The receive port of the array system is connected to 100 Ω coaxial cable. The amplitude distribution at the dipole feed terminals is taken to be Dolph-Chebyshev. The interelement spacing is taken as 0.2 . It can be seen that in the RCS pattern, the specular lobe (lobe at 0 ∘ ) remains the same for both with and without mutual coupling cases. However, a noticeable variation in the sidelobe location and levels is evident. The adverse effect of coupling on RCS pattern worsens as the array scan angle is increased from 0 The observed phenomenon signifies the dependence of mutual coupling effect on the array scan angle [28] . Figures 15 and 16 exhibit a similar trend for 40-element linear dipole array in side-by-side configuration with Taylor amplitude distribution when terminated with 200 Ω. Results are compared for with and without mutual coupling cases.
The variation in the broadside RCS of a 32-element parallel-fed linear dipole array, with an interelement spacing of 0.4 , in the presence of mutual coupling, is shown in Figure 17 . Here all the couplers in the feed network are assumed to be equal power combiners (receive array), and the coupling and transmission coefficients are taken be 1/ √ 2. The dipole elements are arranged in side-by-side configuration with 20 Ω load termination at the difference arms of the first level couplers. A characteristic impedance of 50 Ω is seen at the sum ports of all the couplers in the first level of feed network, when all higher levels are perfectly matched. It is seen that the RCS in the presence of coupling shows the specular lobe identical to that of no mutual coupling case. However, the level of the lobe at around ±38 ∘ is more as compared to no coupling case. Figure 18 shows the scanned RCS (at 70 ∘ ) of a 32-element parallel-fed dipole array arranged in collinear configuration, due to the scattering from first level couplers. An interelement spacing of 0.4 and uniform distribution with equal power combiners are assumed. Further, the terminating impedance at the difference arms of the couplers is taken to be 50 Ω, and the characteristic impedance is considered to be 85 Ω. Although the scanning is shown to reduce the level of the lobe at 0 ∘ in the presence of mutual coupling, other lobes (at +18
∘ and −70 ∘ ) are seen to rise as compared to no mutual coupling case. Figure 19 shows the effect on the RCS due to the variation of load impedance terminating the isolation port of the couplers in a series feed network. A cosine squared on a pedestal distribution is assumed to excite series-fed 40-element linear dipole array in collinear configuration. Other parameters are taken as = 0.2 and 0 = 100 Ω. It is observed that the RCS of a dipole array will be minimum when terminated with suitable impedance rather than when it is short. In other words, the RCS of the dipole array is seen to decrease as the impedance at the terminating ports of its couplers increases.
This trend is, however, seen to possess a limit, beyond which an inverse effect is observed; that is, as the value of terminating load impedance is increased, the scattered field and, hence, the RCS are increased.
The value of this limiting impedance can be termed as optimum impedance. For this impedance value, the RCS of the dipole array will be minimum. Thus, one can infer that the RCS of a phased array can be optimized using variable terminating impedance for a given spatial geometry, feed network, and amplitude distribution. This is further evident from Figure 20 . It shows the effect of varying the terminating impedance on the RCS pattern of a 32-element parallel-inechelon dipole array with parallel feed network (at the first level of the couplers). The presence of mutual coupling is taken into account.
Conclusions
This paper provides an insight into the radar cross-section (RCS) of series and parallel-fed linear dipole arrays in the presence of mutual coupling. The formulation for the scattered field at the levels of feed network is presented in terms of array design parameters like the terminating loads, characteristic impedance, and the reflection coefficients of the feed network including the mutual coupling factor. The formulation for scattered fields in both series and parallelfed linear arrays is identical up to the level of couplers owing to the similarities in their schematic. However, formulations diverge in that the series feed network is in terms of signal path, whereas in the parallel feed network, the formulation depends not only on signal path but also on the position of the array element (even or odd). The scattered field at each component level is coherently summed to arrive at the total RCS of the phased array.
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The simulation results presented in this paper demonstrate the dependence of RCS of the dipole array on the mutual coupling, especially the scanned RCS. However, the trend of RCS variation due to the change in amplitude distribution and array configuration is seen to be almost independent of the feed network for both with and without mutual coupling. Further, the role of the optimum terminating impedance in controlling the total RCS of dipole array is shown for both types of the feed network. It is inferred that an array with variable terminal impedance can contribute towards the RCS control of phased array. This technique of conforming to the signal path to arrive at the RCS of the phased array is extendable to an array of arbitrary size and for multiple coupler levels (for parallel-feed or arbitrary feed). The results presented are applicable while designing a low observable phased array for optimum performance.
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